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The AH and AS values for the cis,cis +± trans,cis 

equilibrium are consistent with a twist-boat <=* chair 
interconversion. The possibility that the cis,cis isomer 
might exist in a chair z± twist-boat equilibrium was 
investigated by variable-temperature infrared tech
niques (3 % solution in carbon disulfide). No changes 
in relative intensities were noted, indicating that the 
cis,cis isomer must exist almost exclusively in a single 
conformation. As the cis,cis isomer exists essentially 
only in the twist-boat conformation, one can readily 
calculate AG29S, AH, and AS for the 1,4-di-f-butylcyclo-
hexane twist-boat <=* chair interconversion by removing 
the effects of the hydroxyl. Subtracting the appropri
ate values of AG298, AH, and AS for OHax +± OHetl 
interconversion11 in the cyclohexane system from the 
data given in Scheme I gives AG29S = — 5.7 kcal/mol, 
AH = -7.7 ± 0.29 kcal/mol, and AS = -8.0 ± 0.7 
eu. 

The thermodynamic parameters for the various equi
libria involving the trans,trans isomer, as well as the 
lack of linearity of the log K vs. I/T plots at higher 
temperatures, indicate that the trans,trans isomer is not 
conformational^ homogeneous. The infrared spectra 
of the trans,trans isomer (3 % solution in carbon di
sulfide) showed significant changes in band intensities 
with changes in temperature. Using the variable-tem
perature infrared data,12 values for AH and AS for the 
chair,,, <± twist-boatM equilibrium were calculated to be 
— 0.42 kcal/mol and —1.30 eu, respectively, with 
AG28S ~ —0.05 kcal/mol. The unexpectedly low value 
for AS for this chair +± twist-boat equilibrium can be 
rationalized on the basis that the expected dipseudo-
equatorial /-Bu-OH interaction in the twist-boat con
formation restricts the twist-boat to a small part of its 
ordinary pseudorotational circuit resulting in a reduc
tion in entropy. A more detailed discussion of these 
results and those of related systems will appear at a 
later time. 
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The Chemistry of the Modification of Tryptophan with 
2-Hydroxy-5-nitrobenzyl Bromide 

Sir: 
The increasing use of the reagent 2-hydroxy-5-nitro-

benzyl bromide for the modification and quantitative 
estimation of tryptophan in proteins1'2 dictates the 
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necessity of determining the structures of the products 
of the modification reaction. Recently, Spande, WiI-
chek, and Witkop3 and Schellenberg, Chan, and 
McLean4 made significant contributions to this end 
by elucidating the structures of some products of the 
reactions of model indole compounds with 2-hydroxy-
5-nitrobenzyl bromide. In this work we wish to report 
the products formed during modification of tryptophan 
ethyl ester to produce 1:1 adducts. These and previous 
studies allow us to define quite completely the possible 
modes of reaction of 2-hydroxy-5-nitrobenzyl bromide 
with tryptophan in proteins to produce the monosub-
stitution products which are usually observed. 

A complex mixture resulted when 500 mg of L-
tryptophan ethyl ester hydrochloride (1) was allowed 
to react with 500 mg of 2-hydroxy-5-nitrobenzyl bro
mide (1) in aqueous acetone at pH 4.7. Unreacted 1, 
2-hydroxy-5-nitrobenzyl alcohol, and its methyl ether 
were identified by conventional methods. Two com
ponents, 3 and 4, in a ratio of 57:43, were identified as 
monosubstitution products, and the two remaining 
components, 5 and 6, were shown to be disubstitution 
products derived from 3 and 4, respectively, by further 
reaction with 1 equiv of 2-hydroxy-5-nitrobenzyl bro
mide. 

Compounds 3 (mp 189-190°) and 4 (mp 198-199°) 
had identical elemental analyses, identical infrared 
spectra, and identical electronic spectra: Xmax (95% 
ethanol) 240 m/u (e 11,800), 310 m^ (8900); Xmax (2 N 
NaOH) 422 m/x (19,800).6 When 3 and 4 were refluxed 
in 3:1 (v/v) ethanol-concentrated HCl, both yielded 
the same compound, 7, which upon acetylation gave an 
N,0-diacetyl derivative (7-Ac2) possessing characteristic 
indole uv absorption. The similarity of the two non-
identical compounds 3 and 4 can be explained by the 
formation of a new asymmetric center when the hy-
droxynitrobenzyl group adds at the 3 position of the 
indole ring;6-8 this addition would yield diastereomeric 
adducts, because the asymmetric a carbon of the trypto
phan ethyl ester is present as the L enantiomer. The 
transformation of 3 and 4 to 7 is evidently an example 
of an indolenine rearrangement.78 

The 220-MHz nmr spectra confirmed these ideas, 
except that there was no signal in the aromatic region 
attributable to the 2-proton of an indolenine ring. 
This problem was resolved when it became clear that the 
initial indolenine products, 3 ' and 4', had undergone 
nucleophilic attack at the 2 position of the ring by 
either the side-chain amino group of tryptophan or the 
o-hydroxyl group of the hydroxynitrobenzyl moiety 
to create a third asymmetric center.3'78 The singlet 
resonance at 6 5.2 in the spectra of both compounds 
supports these alternatives. 3,8_1° The presence of a 
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Figure 1. The possible modes of reaction of 2-hydroxy-5-nitrobenzyl bromide with L-tryptophan (indicated schematically as the 
ethyl ester) in proteins. The reaction sequences elucidated by this work are included within the blocked portion of the diagram. 

group is relatively far removed from it, whereas, in 4, 
the reverse is true. The nmr spectra show that, in 
isomer 3, the carbethoxy methylene proton and the 
methine proton resonances are separated by 82 Hz. 
In isomer 4, however, an upfield shift, relative to the 
position in isomer 3, of the carbethoxy methylene 
proton and a downfield shift of the methine proton 
resonances have caused these signals to converge. 
These results are required by the ring-current effect due 
to the position of the phenyl ring of the hydroxynitro-
benzyl group in the two isomers and define the absolute 
stereochemistry of the proposed structures, presented in 
Figure 1. The slight predominance of 3 and 4 obtained 
because of asymmetric induction is also predicted by 
this assignment, since the more bulky carbethoxy group 
will sterically hinder approach of 2-hydroxy-5-nitro-
benzyl bromide from a "syn" direction (to give 4), but 
cannot do so when approach is from the opposite di
rection (to give 3). 

These results therefore suggest that 2-hydroxy-5-
nitrobenzyl bromide will react with tryptophan in 
proteins to produce first the 1:1 adduct at the 3 position 
of the indole ring (compounds 3 ' and/or 4'). Ring 
closure may then occur with any of a number of suitable 
nucleophiles. The free hydroxyl of the tryptophan 
reagent itself may be one such nucleophile. "•4 If so, 
two isomers similar to 8 and 9 of Figure 1 would be 
expected as products resulting from the reaction with 
L-tryptophan in a peptide linkage. In addition, the 
adjacent nucleophiles such as free NH3

+ groups or free 
OH groups could react as indicated schematically by 
10 and 11. Finally, adjacent acid groups in the protein 
might catalyze the rearrangement to derivatives such 
as 7. The exact products will depend therefore on the 
nature of the groups in the neighborhood of the trypto
phan being modified. 

Thus, the 2-hydroxy-5-nitrobenzyl bromide reagent 

fully ionized phenolic hydroxyl group of 3 and 4 in 
basic solution is readily demonstrated by the uv spec
trum; yet, when the nmr spectra of 3 and 4 were each 
run successively in CD3OD (un-ionized phenolic hy
droxyl) and CD3OD-NaOD (ionized phenolic hydroxyl), 
there was no shift in the position of the resonance of the 
ring-juncture proton. Thus, the geminal diamino 
alternative must be the preferred mode of ring closure 
in 3 and 4. A cis ring juncture, which determines the 
configuration of the third asymmetric center, is postu
lated on thermodynamic grounds. Further support 
for these assignments is obtained from other features 
of the nmr spectra. For example, the 2-proton AB 
quartet (JAB = 15 Hz) centered at 8 3.2 is characteristic 
of geminal nonequivalent methylene protons on a 
carbon bonded to a quaternary asymmetric center. 
In 7-(Ac)2, the quartet has collapsed to a singlet, a fact 
consistent with the rearomatization of the ring to which 
the carbon bearing these protons is bound; also, the 
6 5.2 resonance has disappeared, and an indole ring-NH 
resonance has appeared at ca. 5 8.1. The proposed 
sequence of reactions and structures in this work is 
therefore shown in the blocked region of Figure 1. 

The absolute configurations of 3 and 4 were deduced 
from the nmr spectra and the knowledge of the absolute 
configuration of the asymmetric carbon of the trypto
phan side chain. An examination of models revealed 
that the time-average environment of the hydroxy-
nitrobenzyl group includes a contribution from a ro-
tamer in which the face of the phenyl ring is directly 
over the asymmetric carbon of the tryptophan side 
chain. In 3, the methine proton at this asymmetric 
carbon is in the face of the ring and the carbethoxy 
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provides an entire spectrum of possibilities for modes 
of reaction which should be immensely useful in prob
ing the details of the active sites of enzymes. 
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The Effect of Association on the Nuclear Magnetic 
Resonance Spectra of Tyrocidine B1 

Sir: 

The tyrocidines are cyclic antibiotic decapeptides of 
known amino acid sequence which are excellent 
models2-8 for the study of many concepts which are 
currently much discussed in protein chemistry. These 
concepts are based on interpretations from physical 
measurements such as viscosity, diffusion, sedimen
tation, rotatory dispersion, circular dichroism, nuclear 
magnetic resonance, ultraviolet and infrared spectros
copy, etc. It seems possible to develop a more 
definitive understanding of the interacting forces which 
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Figure 1. Effect of concentration on 100- MHz nmr spectrum of 
tyrocidine B in D2O at 60°. Top pattern = 6%, middle pattern = 
2%, bottom pattern = 1%. 
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Figure 2. Effect of changing the temperature on the 60-MHz 
nmr spectrum of 8% tyrocidine B in D2O. Top pattern = 100°, 
middle pattern = 80°, lower pattern = 45°. 

determine the shape (conformation), state of aggre
gation, solubility, etc., of polypeptides and proteins. 

Tyrocidines A, B, and C all show a strong tendency to 
aggregate.3>9 In contrast, gramicidin S-A under similar 
conditions exhibits little tendency to associate. 
Nuclear magnetic resonance has been used to establish 
the conformation of gramicidin S-A in solution,10 viz., 
all the ^ , </>, and w angles were estimated; six of the 
amino acid residues were involved in an antiparallel 
/3-pleated sheet with four intramolecular hydrogen 
bonds, and the molecule was unequivocally shown to 
have a C2 axis of symmetry perpendicular to the 
molecular plane. This model agrees in many details 
with earlier formulations by other workers11,12 and 
with proton exchange studies.10'13 

Since nuclear magnetic resonance can provide much 
information about structure and interaction of mole
cules, it became of interest to apply this technique to a 
study of the self-association and structure of the 
tyrocidines. This communication describes a pre
liminary investigation by nmr of the phenomenon of 
aggregation of tyrocidine B. 

When a 6 % (w/w) solution of tyrocidine B in heavy 
water was examined by high-resolution nmr at ambient 
temperature no signal was observed (Figure 1). A 
spectrum could be detected and resolution improved by 
lowering the concentration of tyrocidine B or by raising 
the temperature (Figures 1 and 2). The latter phe
nomenon was reversible. Addition of increasing pro
portions of methanol also gave nmr spectra of increas
ing resolution (Figure 3). 

These phenomena are consistent with the known 
aggregation of the tyrocidines in water solution. The 
high molecular weight aggregates so formed have poorly 
resolved nmr spectra due to the well-known phe
nomenon of dipolar line broadening.14, u Dissociation 
of the aggregates by lowering the tyrocidine concen
tration, increasing the temperature, or adding so-
called denaturing solvents gives smaller "polymers" 
and monomers in which freer rotation results in 
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